Abstract. Microwave vacuum pyrolysis of waste palm shell (WPS) was performed to produce biochar, which was then tested as bio-fertilizer in growing Oyster mushroom (Pleurotus ostreatus). The pyrolysis approach generated a biochar containing a highly porous structure with a high BET surface area (up to 1250 m 2 /g) and a low moisture content (≤ 10 wt%), exhibiting desirable adsorption properties to be used as bio-fertilizer since it can act as a housing that provides many sites on which living microorganisms (mycelium or plant-growth promoting bacteria) and organic nutrients can be attached or adsorbed onto. This could in turn stimulate plant growth by increasing the availability and supply of nutrients to the targeted host plant. The results from growing Oyster mushroom using the biochar record an impressive growth rate and a monthly production of up to about 550 g of mushroom. The shorter time for mycelium growth on whole baglog (30 days) and the highest yield of Oyster mushroom (550 g) was obtained from the cultivation medium added with 20 g of biochar. Our results demonstrate that the biochar-based bio-fertilizer produce from microwave vacuum pyrolysis of WPS show exceptional promise as an alternative growing substrate for mushroom cultivation.
Introduction
Malaysia is one of the global leading palm oil producer which have palm oil plantation covering 80% of the agricultural area in Malaysia. The production of crude palm oil is approaching 20 million tonnes yearly [1] in order to satisfy the world demand on oil and fats [2] . As a result, there are also huge amount of by-products such as mesocarp fiber (MF), palm kernel shell (PKS), and empty fruit bunch (EFB) being generated as oil palm wastes and they become a disposal problem for palm oil industry.
Microwave vacuum pyrolysis (MVP) is an innovative pyrolysis approach recently developed to transform the oil palm wastes into potentially useful products such as biochar, bio-oil and biogas. The pyrolysis process is performed using microwave heating in vacuum environment. Biochar is a main product derived from MVP after the evaporation of volatile matter and moisture content from the feedstocks. It is a carbon dense material with high porosity and large surface area. The high carbon content in biochar provides a long term storage solution because of its stable carbon bonds [3] . Biochar gives many environment benefits such as improving water quality by retaining agrochemicals in soils, mitigating climate change by storing the carbon in soil, and serving as a simple way to manage agricultural waste [4] . Its good adsorption property could contribute to soil amendment by enhancing the nutrients and water retention, and consequently boost up the growth rate and product yield of crops [5] .
Mushroom possesses an antioxidant property which helps to reduce the oxidative damage in human body and provides protection against disease such as cancer and cardiovascular disease [6] . The high amount of carbohydrate, protein, multivitamins (i.e. vitamin B, C, D) and minerals (i.e. iron, calcium, potassium) present in the mushroom has made it a target food source for health-conscious consumers [7] . In particular, oyster mushroom (Pleurotus ostreatus) represents a favourite mushroom that is suitable to be grown in Malaysia. It adapts to moderate temperature and thus it can be cultivated in the lowlands [8] . The low production cost of oyster mushroom allows it to be supplied to consumers all around the year [6] . Due to the nutritional and medical values of mushroom, the demand for the mushroom in Malaysia is about 50 tonnes/day [8] . However, the average production of mushroom (e.g. 50 kg/day) is only enough to supply to the local consumers instead of exporting to other country [8] . In order to increase the product yield and quality of mushroom, it is hypothesized that biochar can act as an enhancer to boost up the growth of mushroom. Thus, this study was performed to produce biochar from microwave vacuum pyrolysis and then apply the biochar produced as bio-fertilizer for mushroom cultivation.
Materials and methods

Collection and pre-treatment of waste palm shell
Waste palm shell (WPS) was collected from TDM Plantation SDN BHD located in Sungai Tong, Setiu, Terengganu. The waste was dried in oven at 110°C for 24 hours in order to remove the moisture content.
Production of biochar from microwave vacuum pyrolysis of WPS
Microwave vacuum pyrolysis was performed to produce biochar. It has been reported that higher surface area and pore volume was produced from microwave pyrolysis compared to conventional heating [5] . Figure 1 shows the schematic diagram of the microwave vacuum pyrolysis. A 2.45 GHz (model: Samsung) microwave oven was modified to generate microwave radiation as heating source. 300 g of WPS was filled into a 1 Litre quartz reactor with 100 mm length and 123 mm diameter and then placed into a microwave oven to perform microwave vacuum pyrolysis. Air mixtures inside the oven were removed to create a vacuum condition before the start of pyrolysis experiments. The microwave power of oven was then set at 700 W and then the heating and pyrolysis were performed for 1 hour to transform the WPS into biochar. 
Characterization of waste palm shell and biochar
Different analysis was conducted to determine the chemical composition and physical surface structure of the WPS and biochar. Thermo-gravimetric Analysis (TGA) and CHNS elemental analysis were performed to quantify the proximate contents (moisture content, volatile matter, fixed carbon and ash) and elemental content (carbon, hydrogen, nitrogen and sulphur) of the WPS and biochar [9] . The surface morphology of biochar was examined by Scanning Electron Microscopy (SEM) and multipoint Brunauer, Emmett and Teller (BET) to determine the porous characteristics (i.e. surface area, pore width, and total pore volume).
Media formulation for mushroom cultivation
The biochar produced was ground into smaller pieces (2-4 mm) using a grinder and then it was mixed with other ingredients to form the mushroom cultivation medium. Different amounts of biochar (10 g, 20 g, and 30 g) were mixed thoroughly with rice bran, calcium carbonate, and sawdust to produce three different sets of cultivation medium as shown in Table 1 . The lignocellulosic content of the rice bran and sawdust is a suitable substrate to provide nutrient for mushroom growth [10] and calcium carbonate is used to balance the pH of the mixture. Water was then added to the mixture to increase moisture content inside the mixture [11] . A polyethylene cylindrical bag was used to make a baglog that was then filled with 1 kg of the cultivation medium, then the baglog was sealed using PVC neck with cover. The bag was then sterilised at 121°C for 1 hour in the autoclave. After sterilisation, the baglogs were cooled to room temperature and then the oyster mushroom spawn was injected into the baglogs. The baglogs were then placed in a storage house for further observation. The experiments were performed in triplicates to improve the accuracy and reproducibility of the data collected. Analysis was done with the observation and measurement of the growth of mycelium on a weekly basis and the yield of mushroom over a period of 35 days. Table 1 . Media formulation for mushroom cultivation.
Determination of mycelium growth rate and yield of Oyster mushroom
The cultivation period was set in one month for mycelium growth. Observation was performed on the growth of mycelium every week. The analysis on mycelium growth rate was based on the length of the mycelium grown along the baglog. The length of the mycelium growth was measured and expressed as a percentage of total height of mycelium colonized the baglog. At the 35-days harvest period, the mushrooms were harvested. The total weight of mushroom yield (fresh mature mushroom harvested) was determined and average mushroom yield was calculated. The harvesting time could be different for each baglog depending on the mushroom growth [11] . Table 2 shows the elemental and proximate content of WPS and the biochar produced by microwave vacuum pyrolysis. The results showed that WPS consisted mainly of carbon (50.5%) with low contents of hydrogen (7.0%) and nitrogen (3.1%). Proximate analysis showed that WPS was dominated by volatile matter (66.5%) followed by fixed carbon (27.6%) with a small amount of moisture content (1.9%) and ash (4%).
Results and discussion
Characterization of waste palm shell (WPS) and biochar
After the pyrolysis process, the biochar produced was found to have a high content of fixed carbon (83%), indicating the production of a carbon rich material. The biochar contained a low amount of volatile matter (9.4%), possibly due to the evaporation of volatile chemical derived from pyrolysis decomposition occurred at high temperature. Figure 2 demonstrates the SEM micrograph of biochar obtained from our microwave vacuum pyrolysis approach. Pores were observed on the surface of the biochar compared to the WPS which was non-porous and had a rough surface. This indicates that the microwave vacuum pyrolysis has caused the formation of a highly porous structure within the biochar. The highly porous structure suggests that the biochar could be utilised as an adsorption media.
Ingredient
Surface morphology of waste palm shell and biochar
WPS (Before) Biochar (After) Fig. 2 . SEM micrograph of WPS and biochar. Figure 3 shows the N2 adsorption-desorption isotherm of the biochar produced and the porous characteristics are presented in Table 3 . According to IUPAC classification, the isotherm curve of the biochar showed a Type IV isotherm which indicates the presence of mesopores with a pore size from 2 nm to 50 nm. High surface area was detected for the biochar (1225 m 2 /g) and this indicates that it has high potential to be used as nutrient
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Thus, the biochar was tested for its use as a supporting ingredient in mushroom cultivation due to the presence of porous structure and good adsorption capacity 
Biochar as bio-fertilizer for mushroom cultivation
The highly porous structure with a high BET surface area (up to 1225 m 2 /g) of the biochar produced provided many sites to absorb and retain the desirable nutrient for the mycelium to grow. Mycelium is a vegetative growth in fungi and appears as white microscopic threads filaments (FAO, 2009). The surface of the biochar was fully distributed with pores which support its potential use as a bio-fertilizer. It was observed that mycelium was fully grown in 28-30 days within the baglog added with biochar compared to that observed in the baglog without the biochar (30-35 days). Table 4 shows the different growth rates of the mycelium of Oyster mushroom observed from the baglog added with different amounts of biochar. It showed that the baglog added with biochar had a faster mycelium growth rate meanwhile the control showed the slowest growth rate. This suggests that the biochar added to the mushroom cultivation medium enhanced the mycelium growth.
The mushroom yields are based on weight of the Oyster mushroom harvested from each of the baglog in one month. As shown in Table 4 , mixture 2 records the highest yield, producing 550 g of mushroom. It showed an impressively product yield as the total yield of mushroom is more than 50% compared with the control baglog. The porous structure of the biochar had contributed a large adsorption surface area for water and nutrient retention. The increased level of nutrient availability was likely to have enhanced the growth of mycelium. The strong water-holding capacity of the biochar could also supply enough moisture during fruiting stage of the mushroom, thus reducing the mortality of young mushroom yield due to the water shortage [12] . Therefore, our results showed that biochar can be a potential biofertilizer to enhance the mycelium growth and mushroom yield. 
Conclusion
The high lignocellulose content and carbon content of WPS indicates its suitability as a precursor for production of biochar. Microwave vacuum pyrolysis converted WPS into a biochar with high surface area and pore volume which contributed a strong adsorption capacity on water and nutrient uptake. The biochar based bio-fertiliser enhanced the mycelium growth and the yield of oyster mushroom. Mixture 2 with 20 g of biochar showed the fastest mycelium growth (21 days to fully filled the baglog) and produced highest yield of Oyster mushroom (550 g/month) for the first harvest after 1 month. This indicates the huge potential of the biochar to be used as a bio-fertilizer for Oyster mushroom cultivation.
